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ABSTRACT

This paper reports the first thin film Z-axis gyroscope
fabricated in a copper CMOS-MEMS process [5]. It works
in the ambient pressure of 1atm and does not depend on Q
enhancement. The sensor is integrated with the conditioning
circuits in a commercial low-k digital copper CMOS pro-
cess. The benefit of the copper CMOS-MEMS process
includes high mass density and low stress. The device was
fabricated in the UMC 0.18 µm six copper layer CMOS
process with a dimension of 410 µm by 330 µm. It consists
of an outer rigid vibrating frame and an inner accelerometer
to detect the Coriolis force. Measured driving mode reso-
nant frequency is 8.8 kHz, the sensitivity is 0.8 µV/°/sec
and the noise floor is 0.5 °/sec/ .

INTRODUCTIONM

Many micromachined capacitive gyroscopes have
been reported [1][2][3][4], where many of them require
either vacuum packaging or multi-chip assembly. An inte-
grated gyroscope has possible advantages such as lower
cost and higher sensitivity due to less parasitic capacitance.
Post CMOS micromachining [5] enables the integration of
circuits and mechanical sensors on a single chip. A CMOS-
MEMS Z-axis gyroscope fabricated in this process with a
conventional aluminum CMOS chip has been reported in
[6]. The drawback of the Al version is that the device suf-
fers severe out-of-plane curl because of large stress in the
multi-layer structure. Potential improvement methods
include using low stress material and thicker layers, which
led to the investigation of using a six-layer Cu CMOS pro-
cess.

COPPER CMOS MICROMACHING PROCESS

The gyroscope described in this paper combines high-
aspect-ratio CMOS micromachining technology [5] and the
copper CMOS technology. It is fabricated in the UMC
0.18 µm six copper layer low-k CMOS digital process. The
reason to choose the copper process includes a) the copper
layer is plated at low temperature and it has lower stress, b)
six combined copper and dielectric layers provide thick
structures (8 µm Cu vs. 5 µm Al). Compared to three layers
in the aluminum version, the CMP copper process is more
uniform and is expected to have less curl. Other benefits
from the copper process include higher mass density

(8.96 g/cm3 Cu vs. 2.7 g/cm3 Al) and low-k oxide. The
mass is critical for inertial sensing as it directly limits the
acceleration noise floor. The low-k process results in lower
parasitic capacitance and thus has higher sensitivity when
on-chip capacitance sensing technology is employed.

The layout of circuits with micro-structure patterning
in the metal layers is sent out for copper chip fabrication.
Figure 1(a) shows the cross section of the chip after copper
CMOS fabrication. After the foundry fabrication, two dry
etch steps, similar to the aluminum CMOS-MEMS process
[5], are used to define and release the mechanical structure.
In the first step of post CMOS processing (Figure 1(b)),
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Figure 1: Copper CMOS-MEMS process. (a) CMOS
chip after fabrication (b) anisotropic RIE removes
dielectric (c) isotropic RIE undercuts silicon substrate
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dielectric layers are removed by an anisotropic CHF3/O2

reactive ion etch (RIE) with the top copper layer acting as
an etch resistant mask. In the next step, an isotropic SF6/O2

RIE is then performed to etch away the bulk silicon and
release the structure (Figure 1(c)). Multi-layer conductors
can be built in the composite structure, which gives flexible
designs which require multiple signals.

Due to different properties of the copper chip, the old
aluminum releasing process[5] is tuned to fit the copper
version [7] (Plasma Therm 790 chamber, 80 W, CHF3 25

sccm, O2 22.5 sccm, 60 mtorr, DC bias 350 V, etching time

350 min). The released copper structures show some differ-
ent properties from Al structures. First, the copper will suf-
fer corrosion when exposed to moisture in the air. The
structures are easy to stick together and difficult to pull
them apart electrostatically. So contact must be avoided by
stoppers.

GYROSCOPE STRUCTURE DESIGN

The schematic view of the gyroscope is shown in Fig-
ure 2.

The gyroscope is composed of an accelerometer
nested in a movable rigid frame, which is identical to the
topology in [6]. An outer actuator drives the rigid frame in
one lateral direction (X-axis), and the inner accelerometer
measures the orthogonal deflection due to the Coriolis force
(Y-axis). 

The elastically gimbaled structure completely decou-
ples the Coriolis sense mode from the vibration drive
mode[4]. The modulation clock and sensing signals of the
inner accelerometer are routed through the multi-layer
springs. One set of comb fingers on the outer rigid frame

generates the electrostatic force for vibration, while the
comb fingers on the opposite side sense the movement of
the vibrating frame to sustain the oscillation. The acceler-
ometer is a fully differential with sensing fingers attached
at the inner rigid frame. 

Since the copper gyroscope is expected to have much
lower curl, the outer curl matching frame is no longer nec-
essary. The outer driving comb fingers are directly
anchored on the substrate. One more benefit of this change
is that it decreases the routing path from the sensor to the
circuits and thus parasitic capacitance is decreased.

Table 1 summarizes some design parameters and com-
parison between the copper and aluminum gyroscope. 

INTERFACE DESIGN

An on-chip unity gain sensing buffer detects the
capacitance change due to deflection of comb fingers (Fig-
ure 3). The biasing problem of the capacitive sensing inter-
face is solved by using a small transistor (W/L=2µm/2µm)
working in the subthreshold range with diode connection
between the gate and drain of the input transistor. It exhibits
large resistance. This technique eliminates the requirement
of large resistors which have relatively large capacitance in
the CMOS process.

To avoid the damage caused by undercut of silicon in
the RIE (see Figure 1 (c)), circuits are put 40µm away from
the edge of the sensor’s etch pit. Except for the microstruc-
ture, the whole chip area is covered by the top metal layer.
The block diagram of the gyroscope system is shown in
Figure 4.
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Figure 2: Schematic of gyroscope and
inner sensing equivalent model.
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Copper Aluminum

transducer size 330 µm × 410 µm 360 µm × 500 µm

layer used 6 layer of copper 3 layer of aluminum

structure thickness 8 µm 5 µm

sense comb 
fingers

85 µm× 4 µm
× 40

61.5 µm× 3.9 µm
× 40

drive comb 
fingers

7.8 µm× 2.4 µm
× 27

11.4 µm× 2.7 µm
× 23

driving mode 
spring

88 µm× 1.8 µm
× 1 turn

105 µm× 1.8 µm
× 1 turn

sensing mode 
spring

102 µm× 1.8 µm
× 1 turn

128 µm× 1.8 µm
× 1 turn

driving mode reso-
nant frequency

8.8 kHz 9.02 kHz

sensing mode reso-
nant frequency

9.0 kHz 11.0 kHz

Table 1. Design parameter comparison between copper and 
aluminum gyro
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EXPERIMENTS

Figure 5 shows an optical microscopic image of the
released gyroscope. Optical profilemeter measuremensts of
the copper gyroscope and its aluminum counterpart are
shown in Figure 6. As expected, the copper structure has
much less curl than the aluminum version (maximum verti-
cal curl: Cu 2 µm vs. Al 12 µm). 

In the dynamic test, the three-axis motion of the dith-
ered proof mass in driving mode (Figure 7) is measured by
sweeping the frequency response with an applied voltage
on the actuator (5 VDC + 5 VAC). As can be seen, there is no
substantial coupling between the driving mode (X-axis) and
sensing mode (Y-axis). The out-of-plane motion (Z-axis) is
also significantly reduced compared to [6]. Figure 8 shows
the sensing mode response to an applied 1G 100 Hz accel-
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Figure 3: Capacitive sensing interface
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Figure 4: Block diagram of gyroscope system.
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Figure 5: Micro-picture of a copper gyroscope.
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eration in the sensing axis (Y-axis). The rotation test on a
rate table shows that the sensor has a sensitivity of 0.8 µV/

°/sec and noise floor of 0.5°/sec/ . This number is not
an improvement from its aluminum counterpart. The possi-
ble explanation include a) even though the copper is
heavier than the aluminum, as can bee seen from the
Table1, the copper gyroscope is smaller than the aluminum
one and they have similar resonant frequency which means
they have similar physical noise limit. b) the copper version
uses a unity gain buffer as sensing interface while putting
higher gain at the front stage (Al version) is helpful to
decrease the whole system noise. The maximum long
period drift is 12° over a 24 hr period. 

CONCLUSION

We have reported a CMOS-MEMS gyroscope fabri-
cated in commercial copper CMOS process. Compared to
the aluminum process, the copper structures suffer much
less curl, which enables design of much larger and more
complicated devices to enhance the performance.
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Figure 7: Gyro proof-mass three axis motion in
driving mode.
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Figure 8: Sensing mode response to
1G 100Hz acceleration.
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